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ABSTRACT
We study the enrichment of the interstellar medium with rapid neutron capture
(r-process) elements produced in binary neutron star (BNS) mergers using a semi-
analytic model of the evolution of a Milky-Way-like galaxy in which we implemented
merger rates and time delay distributions of BNS mergers consistent with the latest
population synthesis models. In order to study the dispersion of the relative abun-
dances of r-process elements and iron, we applied a turbulent mixing scheme, where
the freshly synthesized elements are gradually dispersed in the interstellar medium.
We show that within our model the abundances observed in Milky-Way stars, in par-
ticular the scatter at low metallicities, can be entirely explained by BNS mergers.
Our results suggest that binary neutron star mergers could be the dominant source
of r-process elements in low-metallicity environments, and can potentially also be the
main source of r-process elements in disk stars at solar metallicity.
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1 INTRODUCTION
The origin of rapid neutron-capture process (r-process) el-
ements is a long-standing question, on the crossroads be-
tween nuclear astrophysics, stellar evolution and galaxy for-
mation (Arnould, Goriely & Takahashi 2007; Cowan et al.
2019; Arnould & Goriely 2020). R-process nucleosynthe-
sis, through which about half of all elements above the
iron group are produced, requires extreme neutron densities,
which can only exist in cataclysmic astrophysical environ-
ments. The two astrophysical events considered as the main
potential r-process sites are (i) binary neutron star (BNS) or
neutron star-black hole mergers (e.g. Lattimer & Schramm
1974; Rosswog et al. 1999; Goriely, Bauswein & Janka 2011;
Just et al. 2015) and (ii) rare core-collapse supernovae (SNe),
such as collapsars or magnetars (e.g. Symbalisty, Schramm
& Wilson 1985; Halevi & Mo¨sta 2018; Siegel, Barnes & Met-
zger 2019). Both these classes of events can, in principle, pro-
duce enough r-process elements to explain the abundances
? E-mail: dvorkin@iap.fr
observed in the atmospheres of Milky-Way (MW) stars, and
occur at rates that are at most ∼ 1% of the regular core-
collapse SN rate, which may be the origin of the observed
scatter (up to two orders of magnitude) of r-process relative
to iron-group element abundances.
The detection of gravitational waves (GW) from the
GW170817 BNS merger and the subsequent identification
of its electromagnetic counterparts (Abbott et al. 2017a,b;
Coulter et al. 2017) have provided strong support to the
first hypothesis. The optical/infrared emission is identified
as a kilonova, powered by the decay heat from r-process
nuclei produced in the merger ejecta (Abbott et al. 2017b;
Chornock et al. 2017; Drout et al. 2017; Kilpatrick et al.
2017; Pian et al. 2017; Shappee et al. 2017). The high opac-
ities and the total ejected mass of ∼ 0.05M inferred from
the observed spectral evolution of this event are consistent
with model predictions (Li & Paczyn´ski 1998; Metzger et al.
2010; Kasen et al. 2017). Moreover, r-process nucleosynthe-
sis in BNS mergers was shown to produce a solar abundance
pattern (Goriely, Bauswein & Janka 2011; Bauswein, Goriely
& Janka 2013; Just et al. 2015), at least for nuclei with mass
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number A > 90. On the other hand, under the hypothesis
that all or most of the r-process material in the Universe
is produced in BNS mergers, the observed r-process abun-
dances can be used to infer the merger rate (Vangioni et al.
2016). The result of this estimate is indeed consistent with
the merger rate measured directly from the two BNS merg-
ers discovered in GW, which further supports the idea that
most of the r-process elements were formed in these astro-
physical sites.
However, a detailed comparison of the observed abun-
dances with model predictions reveals a more complex pic-
ture. Population synthesis models generally predict long
time delays between star formation episodes and BNS merg-
ers, of the order of hundreds of Myr and up to several Gyr
(Belczynski et al. 2018; Chruslinska et al. 2017; Giacobbo &
Mapelli 2019). These long time delays come about because
the initial separations of the newly formed neutron stars
can be quite large, and energy loss to GW emission (and
therefore orbital decay) is slow. This characteristic prop-
erty of BNS mergers is difficult to reconcile with the obse-
vations of ultra-metal-poor but r-process-rich stars in the
MW halo and the Reticulum II and Tucana III ultra-faint
dwarf galaxies (Ji et al. 2016; Hansen et al. 2017). This early
enrichment seems to suggest a common origin of iron-group
and r-process elements in these stars, as pointed out in sev-
eral studies (Argast et al. 2004; Shen et al. 2015; van de
Voort et al. 2015; Naiman et al. 2018; Coˆte´ et al. 2018;
van de Voort et al. 2020), although note that some ear-
lier models managed to reproduce observations with BNS
mergers as the only source of r-process elements (Komiya
& Shigeyama 2016; Hirai et al. 2017). Moreover, Bonetti
et al. (2019) show that the mass fraction of r-process ele-
ments that remains in dwarf galaxies can be as low as 10−3,
further reducing their abundance in low-metallicity systems
(although see Beniamini, Dvorkin & Silk 2018). The role
of BNS mergers in high-metallicity environments is also a
matter of debate. Coˆte´ et al. (2019) argue that the decreas-
ing trend of r-process elements like Europium relative to
iron abundance observed in MW disk stars is inconsistent
with the large time delays expected in the BNS scenario.
On the other hand, Banerjee, Wu & Yuan (2020) argue that
this problem can be resolved by including the effect of natal
kicks of the NSs.
It is important to stress that in order to explain both
the mean observed r-process abundance and its scatter rela-
tive to the iron-group element abundances, chemical evolu-
tion models need to include also a description of the disper-
sion of r-process elements in the interstellar medium (ISM),
which can itself depend on the properties (rate, spatial dis-
tribution, explosion energy etc.) of r-process producing sites
(Naiman et al. 2018; Brauer et al. 2019; Beniamini, Dvorkin
& Silk 2018; Tsujimoto & Baba 2019).
In this paper we study the contribution of BNS merg-
ers to the total r-process element abundances in a MW-like
galaxy using a semi-analytic galaxy evolution model that
includes a turbulent mixing scheme. We focus here on Eu-
ropium (Eu), since it is produced almost exclusively through
the r-process, and is readily observable in the spectra of stel-
lar atmospheres. Our model is based on the work described
in Vangioni et al. (2016), where many of the uncertainties
are studied in detail. In the present paper we extend the
model to a full semi-analytic description of the growth of a
MW-like galaxy, starting from small building blocks at early
epochs. We then focus on the comparison between instan-
taneous and turbulent mixing, as well as the impact of the
time delay distribution of BNS mergers.
The structure of the paper is as follows. In Section 2 we
discuss the main components of our model and the result-
ing BNS merger rates. We present the case of instantaneous
mixing in Section 3, where we focus on the differences be-
tween various time delay distributions. Results for turbulent
mixing, where both the mean abundances and the observed
scatter are reproduced, are discussed in Section 4. We con-
clude in Section 5.
2 MODEL DESCRIPTION
2.1 Merger trees of dark matter halos
We use the modified GALFORM code (Cole et al. 2000;
Parkinson, Cole & Helly 2008) to construct merger trees of
dark matter (DM) halos that host the galaxies. This algo-
rithm implements the excursion set formalism, a key aspect
of which is the conditional mass function: the fraction of
mass f(M1|M2) from halos of mass M2 at redshift z2 that
consisted of smaller halos of mass M1 at an earlier redshift
z1. The conditional mass function is given by (Lacey & Cole
1993):
f(M1|M2)d lnM1 =√
2
pi
σ21(δ1 − δ2)
(σ21 − σ22)3/2
exp
(
−1
2
(δ1 − δ2)2
(σ21 − σ22)
)
d lnσ1
d lnM1
d lnM1,
(1)
where σi = σ
2(Mi) is the variance of the linear perturbation
field smoothed on scale Mi, and δi is the critical density
for spherical collapse at redshift zi. This conditional mass
function is used to calculate the mean number of progenitors
of mass M1 at redshift z1 + dz1 of a halo of mass M2 at
z2 = z1:
dN
dM1
=
1
M1
(
df
dz1
)
z1=z2
M2
M1
dz1. (2)
In the modified GALFORM algorithm the following substi-
tution is made:
dN
dM1
→ dN
dM1
G(σ1/σ2, δ2/σ2), (3)
where G is referred to as a perturbing function, to be cal-
ibrated by comparison with N-body simulations. Parkin-
son et al. (2008) showed that by fitting the outcome of
the algorithm to the results of the Millennium Simula-
tion they obtained halo abundances which are consistent
with the Sheth-Tormen mass function (Sheth & Tormen
2002). Thus, the perturbing function G expresses the un-
certainty in the choice of the correct mass function. In this
work we use the following parametrization of the perturbing
function: G = G0 (σ1/σ2)
γ1 (δ2/σ2)
γ2 , with the parameters
G0 = 0.57, γ1 = 0.38, γ2 = −0.01 taken from Parkinson,
Cole & Helly (2008).
By specifying the required mass resolution Mres we can
now calculate the mean number of progenitors with masses
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M1 in the range Mres < M1 < M2/2:
P =
∫ M2/2
Mres
dN
dM1
dM1 (4)
as well as the fraction of mass of the final halo in unresolved
objects:
F =
∫ Mres
0
dN
dM1
M1
M2
dM1 . (5)
Starting with the specified mass and redshift, the algorithm
proceeds back in time. The redshift step dz1 is chosen so
that P  1 to ensure that the halo is unlikely to have more
than two progenitors at the earlier redshift. The next step is
to generate a uniform random number R ⊂ (0, 1). If R > P ,
no merger has occurred in this timestep and the halo mass
is reduced to M2(1 − F ) (that is, the halo has grown by
accretion of this unresolved mass rather than by mergers).
If R ≤ P , a merger has occurred, and a random value of
the progenitor mass M1 is generated using the distribution
in Eq. (2). The merging masses in this case are M1 and
M2(1 − F ) − M1 (there is still accretion). This process is
repeated until the progenitor mass at some node reaches
the resolution mass (and so cannot be further subdivided)
or until the limiting redshift (typically z = 15) is reached.
Halo masses are stored only at specified redshifts. The
final information is therefore contained in a list of halos and
the redshifts of their mergers. Specifically, at each node we
obtain the masses of the merging halos M1 and M
′
1 as well
as the mass accreted onto them and the final big halo M2:
∆Munres = M2 −M1 −M ′1 . (6)
In the remainder of the paper we build merger trees for a DM
halo with mass 1012M at z = 0 in order to match a MW-
like structure (Binney & Merrifield 1998) and a resolution
mass of 109M. We checked that the results are converged
at this resolution.
2.2 Gaseous phases and star formation
As in other semi-analytic galaxy evolution models (e.g. Cole
et al. 2000; Somerville et al. 2008; Benson & Bower 2010;
Barausse 2012; Yates et al. 2013), the quiescent evolution of
the galaxy is obtained by solving a set of evolution equations
on the branch (i.e. between mergers). The galaxy and its im-
mediate surroundings are modelled as shown schematically
in Fig. 1. The galaxy contains 4 reservoirs which correspond
to the different phases: the circumgalactic medium (CGM),
hot gas that occupies the halo, cold gas and stars whose
(time-dependent) masses are MCGM, Mhot,Mcold and M∗,
respectively. The baryonic phases occupy a DM halo with
mass MDM. Furthermore, each baryonic phase a is charac-
terized by a metallicity Za. The CGM acts as a reservoir
that contains gas outflows. Its mass at the beginning of each
timestep is defined as the mass contained in an annulus be-
tween the virial radius Rvir of the halo and fCGM × Rvir,
where fCGM can be varied. The density profile outside of
the halo is assumed to be an extrapolation of the one in-
side (i.e. a Navarro–Frenk–White (NFW; Navarro, Frenk &
White 1996) for DM, see below).
The gas flowing into the galaxy is equal to the sum
of all the unresolved halos that ’merged’ with the galaxy
Figure 1. Evolution of the galaxy along a merger tree branch.
The infall from IGM into structures is given by the merger tree
(shown by the red arrows). All other processes are calculated as
described in the text. The CGM acts as a reservoir for gas outflows
from the galaxy.
during the timestep. For a timestep ∆tstep (determined by
the merger tree resolution) the inflow rate is given by:
M˙inflow = fb
∆Munres
∆tstep
, (7)
where fb is the baryon fraction and ∆Munres is given by Eq.
(6). We assume that a fraction αin flows directly from the
intergalactic medium (IGM) into the galaxy (for example
via cold flows), as shown by the solid red arrow in Fig. 1,
and a fraction 1−αin flows into the CGM, as shown by the
dashed red arrow.
The DM has an NFW profile with concentration c (Dut-
ton & Maccio` 2014):
ρDM(r) = ρs
(
r
rs
)−1(
1 +
r
rs
)
, (8)
where rs = Rvir/c, Rvir is the virial radius, ρs =
Mvir/4pir
3
sf(c) and f(c) = ln (1 + c) − c/(1 + c). We take
c = 10 for all the halos in the tree.
The gas that flows into the galaxy is assumed to be
immediately shock-heated to the virial temperature Tvir =
GMmp/kBRvir and to have an isothermal profile:
ρhot(r) = ρ0 exp
[
−27
2
β
(
1− ln (1 + r/rs)
r/rs
)]
(9)
with
β =
8piµmpGρsr
2
s
27kBTvir
(10)
where µ is the mean molecular weight of the gas, kB is the
Boltzmann constant, mp the proton mass and ρ0 is a nor-
malization given by the total gas mass in the halo.
Radiative cooling of the hot gas occurs on a timescale:
tcool =
3ρhotkBTvir
2µmpn2eΛ(Tvir, Zhot)
, (11)
where Λ is the cooling function (Sutherland & Dopita 1993)
and ne is the electron density. Then the rate of “flow” of gas
© 2020 RAS, MNRAS 000, 1–13
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Name Description Value
αin IGM fraction falling directly into galaxy 0.8
ASFR SFR efficiency [M/yr] 0.01
M0,SFR Pivot mass for SFR [M] 109
Mq Cut-off mass for SFR [M] 8 · 109
γ SFR slope: d ln SFR/d lnMcold 2.0
heating Heating efficiency 0.01
minf Lower limit for stellar masses [M] 0.1
msup Upper limit for stellar masses [M] 100
fex Fraction of reheated gas as galactic winds 0.05
αWD Fraction of WD that merge as SNIa 0.09
tmin,WD Minimal time delay of SNIa [Myr] 100
mFe Fe mass produced in each SNIa [M] 0.5
αBNS Fraction of NS in merging binaries 3 · 10−3
mEu Eu mass produced in each merger [M] 2 · 10−4
Table 1. Parameters used in the galaxy evolution model (see text
for details).
from the hot phase to the cold one is:
M˙cooling = 4pi
∫ R
0
r2ρhot
tcool
dr . (12)
To model the rate at which stars form from cold gas we
use a Kennicutt-Schmidt-like law with a cut-off at high gas
masses (Kennicutt 1998):
ψ = ASFR
(
Mcold
M0,SFR
)γ
e−Mcold/Mq (13)
where ASFR, α and Mq are to be specified. The cut-off at
Mq is meant to mimic the decline in the star formation rate
(SFR) of the MW towards the present time (Snaith et al.
2015).
The initial mass function (IMF) of newly-formed stars
φ(m) is given by a Salpeter power-law φ(m) ∝ m−p with
p = 2.35 (Salpeter 1955) and normalized as follows:∫ mf
mi
mφ(m) dm = 1 . (14)
Stars return some of their mass into the cold phase in the
form of winds, SN remnants and planetary nebulae. This
“recycled” mass flow is given by:
erec =
∫
dmφ(m)ψ(t− τ(m,Z))(m−mrem) (15)
where Z is the metallicity, m is the stellar mass, mrem(m,Z)
is the remnant mass, which we take from Fryer et al. (2012)
and τ(m,Z) is the stellar lifetime, taken from Maeder &
Meynet (1989) and Schaerer (2002).
In addition, SN-powered winds heat the cold gas at a
rate
M˙heating =
2heating
v2rot
∫ mf
8M
dmφ(m)ψ(t− τ(m,Z))Ekin(m)
(16)
where Ekin(m) is the energy released by the explosion of a
star of mass m, vrot is the rotation velocity of the DM halo.
A fraction fex of this reheated gas is expelled out of the halo
as galactic wind.
To summarize, the flow of gas between the different
phases is given by the following equations:
M˙CGM = (1− αin) M˙inflow + fexM˙heating (17)
M˙hot = αinM˙inflow − M˙cooling + M˙heating(1− fex) (18)
M˙cold = M˙cooling − M˙heating − ψ + erec (19)
M˙∗ = ψ − erec (20)
Note that
M˙CGM + M˙hot + M˙cold + M˙∗ = M˙inflow . (21)
With the parameters summarized in Table 1, our model for a
1012M DM halo results in M∗ = 1010M in stars at z = 0,
close to the bulge mass in the MW estimated from obser-
vations (Licquia & Newman 2015). In addition, the SFR at
z = 0 is 1.22M/yr in our model, compared with the ob-
served value of 1.65M/yr in the MW. We therefore refer
to this model as a MW-like galaxy and compare our results
to observations of halo and disk stars, although we stress we
made no attempt to reproduce the particular star formation
history or the MW nor the formation of the disk. Model
parameters used in our calculation are listed in Table 1.
2.3 Formation and merger rates of binary neutron
stars
The evolution of individual binary systems is best described
with population synthesis models that follow the evolu-
tion of binary massive stars (e.g. Andrews et al. 2015; de
Mink & Belczynski 2015; Chruslinska et al. 2018; Belczyn-
ski et al. 2018; Chruslinska, Nelemans & Belczynski 2019;
Artale et al. 2019; Giacobbo & Mapelli 2019). The results
of these models are then implemented in galaxy evolution
models to obtain the merger rate. Since this calculation
involves many different spatial and temporal scales, each
model necessarily involves various simplifications in the de-
scription of BNS formation or galaxy evolution. The out-
come of the most recent models is generally in agreement
with the local rate at z = 0 of 1090+1720−800 Gpc
−3yr−1 in-
ferred from the gravitational-wave observations of two BNS
mergers GW170817 and GW190425 (Abbott et al. 2017a,
2020). Note that BNS can also form in globular clusters (Ye
et al. 2020) or nuclear clusters (Fragione et al. 2019), how-
ever the formation rates in these channels are expected to
be several orders of magnitude below the observed value.
Another observational constraint can be inferred from
the observations of the Galactic double binary pulsars (Kim,
Perera & McLaughlin 2015; Pol, McLaughlin & Lorimer
2020). The latest estimate of Rg = 37
+24
−11 Myr
−1 from
Pol, McLaughlin & Lorimer (2020) is consistent with the
local rate measured from GW observations, although note
that the translation of this Galactic rate into the local rate
requires an understanding of the dependence of the BNS
merger rate on galactic properties.
In this work we use a phenomenological approach to de-
scribe BNS formation rate. At each time step of the calcula-
tion, and for a given stellar mass at birth m and metallicity
Z (chemical evolution is discussed below) we calculate the
remnant mass mrem(m,Z) using the results of Fryer et al.
(2012). Then the formation rate of NSs is given by
RNS(t) =
∫
NS(m,Z)ψ(t− τ(m,Z))φ(m) dm , (22)
© 2020 RAS, MNRAS 000, 1–13
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Figure 2. Time delay distributions between formation and
merger of the BNS. Models A, B are analytical, while Model C
uses the data from Fig. 5 in Chruslinska et al. (2018). The value of
tmin for Models A and B were chosen to give the same mean time
delay as Model C with tmin = 50 Myr, i.e. 〈tdelay〉 = 2.37 Gyr.
where NS(m,Z) is the probability to form a NS, taken here
to be 1 if the identity of the remnant is a NS according to the
fitting function in Fryer et al. (2012) and 0 otherwise. Having
obtained the formation rate of NSs RNS(t), we assume that a
fraction αBNS of these NSs are in binaries that merge within
the age of the Universe after a delay time tdelay. The merger
rate at time t is given by
Rmerger(t) = αBNS
∫
RNS(t− tdelay)P (tdelay) dtdelay (23)
In the following we consider three models for the delay
time distribution P (tdelay) (see Fig. 2). Our Model A corre-
sponds to the standard 1/t normalized distribution, i.e.
P (tdelay) = At
−1
delay, tdelay ∈ (tmin, tmax) (24)
where A = 1/ log(tmax/tmin). This distribution is charac-
terized by a mean delay time given by 〈tdelay〉 = (tmax −
tmin)/ log(tmax/tmin). The choice tmax = tH ' 13.8 Gyr is
a natural cut-off, since these models are not evolved past
the current age of the Universe. Note that an extrapolation
of this distribution to even longer delay times can be coun-
terbalanced by simply decreasing the total merging fraction
αBNS. This functional form is a generic choice in popula-
tion studies, as it is often obtained in population synthesis
models (e.g. Dominik et al. 2012).
Due to the crucial character of the delay time distri-
bution at early times, i.e. in the vicinity of tmin, we also
consider here another type of distributions which allows for
a more detailed account of BNS mergers with small delay
times without the artificial cut-off at t = tmin. This Model
B is described by the functional
P (tdelay) = B
ln (tdelay/tmin)
tdelay
, tdelay ∈ (tmin, tmax) (25)
with a normalization constant B = 2/(ln(tmax/tmin))
2
leading to a mean time delay of 〈tdelay〉 =
Btmax (ln(tmax/tmin) + tmin/tmax − 1). This functional
form provides a good fit to the recent population syn-
thesis model of Chruslinska et al. (2018), at least for
tdelay >∼ 100 Myr, and has the particularity to include a soft
cut-off at low tdelay. This specific ln(t)/t behaviour of the
distribution allows us to consider a non-negligible fraction
of BNS mergers at early times, as discussed below without
affecting the 1/t law found by population synthesis models
(see Fig. 2).
Finally, we also implemented a time delay distribution
in tabulated form, taken directly from Fig. 5 in the recent
detailed population synthesis model of Chruslinska et al.
(2018), which we refer to as Model C. Note that the actual
minimal delay time remains uncertain in such an approach
and may be an artifact of the binning (linear in time) in
Chruslinska et al. (2018). We adopt for this model an arbi-
trary value of tmin = 50 Myr.
All three models are compared in Fig. 2 assuming the
same value of tmax = 13.8 Gyr and a value of tmin tuned, so
that the three distributions have the same mean delay time
of 〈tdelay〉 = 2.37 Gyr. As seen in Fig. 2, despite their similar
mean time delay, these models can have a very different be-
haviour at early times, hence a different fraction of mergers
with very short time delays. Such a fraction of systems with
a time delay tdelay ≤ t∗ is given by
Fdelay(< t
∗) =
∫ t∗
tmin
P (tdelay) dtdelay. (26)
For example, for the parameters shown in Fig. 2, the fraction
of systems with delay times below t∗ = 100 Myr amounts to
0.14 for Model A, 0.27 for Model B and ∼ 0.11 for Model C.
As shown in Vangioni et al. (2016) (see in particular their
Fig. 3), population synthesis models (Belczynski, Kalogera
& Bulik 2002) predict that a significant fraction of BNS
mergers takes place with short time delays, and more specif-
ically that about 20 to 25% of systems may merge with
timescales lower than 100 Myr. Such a significant fraction
of fast merging systems is properly described by our Model
B shown in Fig. 2 but is underestimated by Models A and
C.
At each time step ∆t we calculate the total mean num-
ber of BNS mergers 〈Nm〉 = Rmerger∆t using Eq. 23. In the
instantaneous mixing case (described in Sec. 3) we use 〈Nm〉
in our chemical evolution equations (see Sec. 2.4). However,
as BNS mergers are rare events, 〈Nm〉 can be small and
even much smaller than 1 in many time steps, especially at
high redshifts for low-mass halos. This led us to develop a
more realistic approach, namely the turbulent mixing model,
where we draw the number of actual mergers from a Pois-
son distribution with mean 〈Nm〉. Then, for each of these
mergers, we draw its position in the galaxy, assuming a 3-
dimensional Gaussian distribution with variance equal to the
half-light radius Re. The latter is computed as Re = 0.02Rvir
(Zanisi et al. 2020). As an output of this calculation, we ob-
tain a list of BNS mergers, their host halos, and the time and
spatial position of each merger. The results for our turbulent
mixing case are described in Sec. 4.
Finally, in both cases we assume that each BNS merger
produces a (constant) mass mr of r-process elements, and
more specifically a Eu mass mEu = 2×10−4M, as predicted
by realistic BNS merger simulations of both the dynamical
and wind ejecta (Just et al. 2015). Note that the only real
free parameter governing the evolution of Eu in our model
is the product αBNS mEu.
The merger rates in our MW-like galaxy model, for the
© 2020 RAS, MNRAS 000, 1–13
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Figure 3. BNS merger rates vs. stellar mass in the subhalos in
the tree (colored dots) with time delay distribution according to
Model C. The color code corresponds to the age of the subhalo
(see colorbar). Vertical lines show the range of predictions in the
models of Chruslinska et al. (2018) for a MW-like galaxy (plotted
here for M∗ = 1010M) and the galactic rates (Pol, McLaughlin
& Lorimer 2020) based on the observation of the double pulsar.
Also shown are the predictions computed from the model in Ar-
tale et al. (2019) for z = 0.1 and z = 2.
three time delay distributions discussed above, are shown in
Fig. 3. We note that in our model, all the small halos that
form at high redshifts merge with each other or fall onto
the larger halo, and thus act as building blocks for the final,
MW-like structure. Therefore, each point in Fig. 3 corre-
sponds to a specific (sub-)halo and shows the instantaneous
BNS merger rate at the cosmic age that corresponds to its
formation (color-coded).
We also compare our results with the new constraints
from Galactic double NSs (Pol, McLaughlin & Lorimer
2020, ; magenta line) and two population synthesis mod-
els: Chruslinska et al. (2018) (black vertical line) and Artale
et al. (2019) (color-coded lines). For the comparison with the
model in Artale et al. (2019), which gives the merger rate
as a function of stellar mass and redshift, we compute the
merger rate for each subhalo in our model with stellar mass
M∗ > 107M (the limit given by Artale et al. (2019)) and
for two redshifts z = 0.1 and 2 (color-coded). The result in
Chruslinska et al. (2018) is given only for z = 0, and we plot
it for M∗ = 1010M. We note that our results are slightly
below the value observed from Galactic double NSs at z = 0,
and the corresponding value in the Chruslinska et al. (2018)
model. On the other hand, our results are in general agree-
ment with Artale et al. (2019), given as a function of stellar
mass. In particular, we observe that the merger rate for a
given stellar mass slightly increases with redshift. We note
that we made no particular attempt to fit the exact physical
parameters of the MW and, therefore, our model should be
considered as a MW-like galaxy.
2.4 Chemical evolution
First we outline the equations of chemical evolution for ele-
ments produced in stars, which follow those in Daigne et al.
(2004, 2006), although note the differences due to different
definitions and the introduction of gas heating and cooling.
The case of r-process elements, which we assume are all pro-
duced in BNS mergers, is discussed below.
For each element i, the rate at which it is ejected from
stars to the cold gas phase is:
ei =
∫
dmφ(m)ψ(t− τ(m,Z))meji (m,Z) (27)
where meji (m,Z) is computed from stellar yields. We de-
fine by Xi,hot, Xi,cold, Xi,CGM and Xi,IGM the mass frac-
tion of element i in the cold, hot, CGM and intergalactic
medium (IGM) phases, respectively. We assume that matter
in-falling into the galaxy, M˙inflow, does not contain metals.
The evolution of the metal mass fractions is consequently
given by
X˙i,cold =
1
Mcold
[
M˙cooling (Xi,hot −Xi,cold)−Xi,colderec + ei
]
(28)
X˙i,hot =
1
Mhot
[
M˙heating (1− fex) (Xi,cold −Xi,hot) +
αin(Xi,IGM −Xi,hot)M˙inflow
] (29)
X˙i,CGM =
1
MCGM
[
M˙heatingfex (Xi,hot −Xi,CGM) +
(Xi,IGM −Xi,CGM)(1− αin)M˙inflow
] (30)
We calculate the evolution of iron abundance as in Van-
gioni et al. (2016); more specifically, we consider two sources
of iron, i.e. core-collapse SNe and type-Ia SNe. For the latter,
we assume that a fraction αWD = 0.09 of the white dwarfs
formed in our model ends up as type-Ia SNe, where the de-
lay time between white dwarf formation and SNIa explosion,
td,wd, is distributed as P (td,wd) ∝ t−1d,wd with tmin,wd = 100
Myr. We assume that each SNIa produces 0.5M in iron.
A discussion on the impact of these assumptions can be
found in Vangioni et al. (2016). With the model parameters
summarized in Table 1 we obtain a rate of SNIa of 0.4 per
century at z = 0, consistent with observations in the MW
(Matteucci 2014). The evolution of metallicity is further dis-
cussed below.
2.4.1 Turbulent mixing of r-process elements
In order to model the production of r-process elements in
BNS mergers and their subsequent diffusion in the surround-
ing ISM, we use the turbulent mixing scheme proposed by
Hotokezaka, Piran & Paul (2015) and, recently, Beniamini
& Hotokezaka (2020). These authors propose an analytic
description of the turbulent diffusion process that leads to
the mixing of metals in the ISM. This mixing proceeds in
two stages: first the newly synthesized metals expand with
the blast wave until the end of the Sedov-Taylor phase. We
neglect this short-lived phase. Then metals continue to dif-
fuse due to turbulence in the ISM. The turbulent diffusion
coefficient is given by (Beniamini & Hotokezaka 2020):
D = αcsH = α
(
cs
10km/s
)(
H
100 pc
)
kpc2Gyr−1 , (31)
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where cs is the sound speed in the ISM, H is the scale height
and α is the efficiency parameter. Typical diffusion length
at time t is then given by
√
Dt. By including the turbulent
diffusion effect, Beniamini & Hotokezaka (2020) obtained
promising results for the scatter in the r-process element
abundances observed in the MW, although for their main
results they considered the case of negligible delay times be-
tween formation and merger of the BNS, constant SFR and
focused on metallicity values of [Fe/H] > −1. In the present
work, we implement turbulent mixing in our full galaxy evo-
lution model and show that it can explain the observed scat-
ter across the entire metallicity range. We parametrise the
model with the diffusion coefficient D, taken to be constant
in all structures with an expected value from Eq. (31) in the
range of 0.01-0.1 kpc2Gyr−1.
Our calculation proceeds as follows. As described in
Sec. 2.3, at each time step ∆t of the calculation we obtain a
list of BNS mergers (drawn from a Poisson distribution with
mean 〈Nm〉 = Rmerger∆t, see Eq. (23)), their host galaxies,
and the (3D) positions ri and times ti of all the events. We
assume that each of these mergers produces a fixed amount
of Eu mEu, which then disperses in the ISM. If at a later
time a star forms in the vicinity of the merger event, it will
be enriched by the Eu found in the ISM. If the star forms
farther away and/or much later than the BNS merger, the
abundance of Eu it will inherit will correspond to the mean
value at its location. Taking into account all the contribu-
tions from BNS mergers in a given galaxy, we can express
the Eu density at a given location, hereafter referred to as
“observer point”, ~robs at time tobs by (see Eq. 2 in Beniamini
& Hotokezaka 2020):
ρEu(~robs, tobs) =
∑
i
mr
(D(tobs − ti))3/2
exp
(
−|~robs − ri|
2
D
)
(32)
where D is the diffusion coefficient, ~ri and ti are the po-
sitions and times of the BNS merger, respectively, and the
sum runs over all the mergers in the given galaxy such that
tobs > ti. Note that we use a simplified version of the expres-
sion given in Beniamini & Hotokezaka (2020), in particular
we assume spherical diffusion. We take a number of observer
points proportional to the stellar mass of each galaxy. Since
the calculation involves random draws for the number of
mergers, their positions and times, each realization of the
turbulent mixing scheme for a given merger tree provides a
different evolution of Eu abundance, contrary to the homo-
geneous case, as we further discuss below.
2.5 Galaxy mergers
During a merger event n smaller galaxies fall onto a larger
galaxy. We assume that the stars and DM are simply added
up, while the cold gas of the smaller galaxies is heated and
added to the hot gas reservoir:
MDM = MDM,host + Σ
n
j=1MDM,j (33)
MCGM = MCGM,host + Σ
n
j=1MCGM,j (34)
Mhot = Mhot,host + Σ
n
j=1 (Mhot,j +Mcold,j) (35)
M∗ = M∗,host + Σ
n
j=1M∗,j (36)
In the turbulent mixing scheme for r-process elements abun-
dance, we assume that, after each merger event, all the gas of
the in-falling galaxies is completely mixed, and in particular
the r-process elements are distributed evenly in the whole
ISM. This mean abundance (immediately after the merger)
is calculated under the instantaneous mixing approximation
discussed above and therefore takes into account mass loss
due to galactic outflows.
3 EUROPIUM ABUNDANCE:
INSTANTANEOUS MIXING
In this section we explore the Eu abundance as a representa-
tive r-process element. As discussed above, we build merger
trees for a halo of 1012M which results in a stellar mass of
M∗ = 1010M at z = 0, and compare our results with the
compilation of Eu and Fe abundances in MW stars from the
SAGA database1 (Suda et al. 2008). We assume through-
out a constant BNS merger fraction of αBNS = 3 × 10−3,
mEu = 2 × 10−4M. Our chemical evolution model results
in a metallicity of [Fe/H]' −0.5 at z = 0, similarly to Van-
gioni et al. (2016) and lower than the value reached by disc
stars. Disc stars are further discussed in the following Sec-
tion. We also verified that the evolution of α-elements in our
model is consistent with observations in the entire metallic-
ity range.
In this Section we assume an instantaneous mixing of
Eu in the ISM and focus on the predictions obtained with
different time delay distributions. Even in this instantaneous
mixing model, some scatter in the [Eu/Fe] vs. [Fe/H] plane is
expected, especially at early times, due to the fact that small
halos can have very different chemical enrichment histories.
Fig. 4 shows the results for Model A (i.e. the t−1 time
delay distribution) characterized by different values of tmin.
The increase of the cut-off time tmin clearly sets the galactic
Eu enrichment to higher metallicity, as already widely stud-
ied in many galactic chemical evolution models. In addition,
we observe that longer time delays result in slightly larger
dispersion in the [Eu/Fe] vs. [Fe/H] plane (the mean delay
times for the three cases considered here are 1.4, 1.9, and 2.8
Gyr for tmin = 1, 10, and 100 Myr, respectively) and that
the scatter increases towards low metallicities. The general
shape of the evolution observed in Fig. 4 is qualitatively con-
sistent with the conclusions of van de Voort et al. (2020),
who used an hydrodynamical simulation to model a MW-like
galaxy and a phenomenological description of BNS forma-
tion similar to the one considered here, in particular a t−1
time delay distribution in their fiducial model. However, we
note that van de Voort et al. (2020) obtained a significantly
larger scatter than the one shown in Fig. 4, as discussed
below.
Next we explore other time delay distributions, not
treated in previous works on r-process abundances. The
results for Model B (log(t)/t time delay distribution) are
shown in Fig. 5 and are quite similar to those obtained with
Model A. In this case, the dispersion at low metallicities and
for large tmin is slightly larger than in the case of Model A,
but the mean value is significantly lower.
Finally, in Fig. 6 we compare models A, B and C, keep-
ing tmax = 13.8 Gyr and varying tmin so as to obtain the
1 http://sagadatabase.jp/
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Figure 4. Evolution of the Eu abundance in all the sub-halos in
the tree with time delay distribution given by Model A: P (t) ∝
1/t. Blue circles are obtained with tmin = 1 Myr, orange triangles
to tmin = 10 Myr and green diamonds to tmin = 100 Myr. In all
cases, tmax = 13.8 Gyr is adopted. Observations from the SAGA
database are shown by grey crosses.
same mean value of tdelay. It is clear from Fig. 6 that Eu
abundance as a function of metallicity depends primarily
on this mean value 〈tdelay〉, especially towards higher metal-
licites. There are however significant differences at the low-
metallicity end: Model B appears to be much more efficient
in enriching small halos at an early stage. This feature can
be traced back to our comparison of the time delay models in
Fig. 2. As discussed above, for the same mean value 〈tdelay〉,
in Model B there are about 27% of mergers with a delay
time below 100 Myr, compared with only ∼ 11% in Model
C. These very rapid mergers efficiently enrich the small ha-
los at early times. Indeed, if we choose values of tmin that
give the same fraction of rapid mergers in all three models,
as shown in Fig. 7 (where rapid is defined as a delay below
100 Myr, i.e. Fdelay(< 100Myr) = 0.11, see Eq.26), we ob-
tain very similar evolution at low metallicities, as expected.
However in this case the models slightly diverge towards
higher metallicities, where mergers with long timescales be-
come important.
To summarize, we draw two conclusions from Figs. 4-6.
First of all, we observe that our model, which includes BNS
mergers as the only sources of r-process elements, repro-
duces some of the Eu abundances at low metallicities, even
though the mean time delays between stellar formation and
BNS mergers are of the order of a few Gyrs. This result
depends on the BNS merger rate in high-redshift low-mass
galaxies, which is at present not constrained observationally
(see Fig. 3).
Our second major conclusion is that we are not able to
reproduce the large observed scatter in the Eu abundance
under the assumption of an instantaneous mixing, even by
taking into account the formation history of the galaxy from
small building blocks. Below we will study this dispersion
with an analytic diffusion model.
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Model B, tmin = 10 Myr
Model B, tmin = 100 Myr
Figure 5. Same as Fig. 4 but for Model B time delay distribution
(P (t) ∝ log(t/tmin)/t). The results are qualitatively similar to
those in Fig. 4.
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Figure 6. Comparison of [Eu/Fe] versus [Fe/H] predictions ob-
tained for the three time delay distribution models given in Fig. 2,
namely P (t) ∝ 1/t with tmin = 44 Myr (Model A; blue circles),
P (t) ∝ log(t/tmin)/t with tmin = 0.4 Myr (Model B; orange tri-
angles) and Chruslinska et al. (2018) (Model C; green diamonds).
The mean delay time is the same in all three models, namely
〈tdelay〉 = 2.37 Gyr. Observed values are shown by grey crosses.
The results for the three models are very similar, except for the
lowest metallicity points.
4 EUROPIUM ABUNDANCE: TURBULENT
MIXING
In the following we explore the consequences of the turbu-
lent mixing scheme, described in Section 2.4.1. As discussed
above, in this case we obtain multiple values of [Eu/Fe]
abundance for each sub-halo, corresponding to the different
“observer” points (which mimic the stars that form at differ-
ent locations in the galaxy). For each sub-halo we therefore
obtain a distribution of [Eu/Fe] and [Fe/H] values. We bin
these values in 20 metallicity ([Fe/H]) bins of width 0.3 dex
and show the results in the figures below. Note that, in this
approach, we have an additional parameter, which is the
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Figure 7. Comparison of the three time delay models with tmin
values chosen to produce the same fraction of rapid mergers
Fdelay(< 100Myr) = 0.11: P (t) ∝ 1/t with tmin = 55 Myr (Model
A; blue circles), P (t) ∝ log(t/tmin)/t with tmin = 10 Myr (Model
B; orange triangles) and Chruslinska et al. (2018) (Model C; green
diamonds). Observed values are shown by grey crosses. The re-
sults for the three models are very similar for the lowest metal-
licity points, but slightly diverge at the higher metallicity end.
diffusion coefficient D. In the following we explore how this
diffusion parameter affects our results.
Since the total number, locations and times of the merg-
ers in each halo are drawn from probability distributions, as
described above, the evolution of Eu abundance varies for
different realizations for a given merger tree. Below we show
one realization for each choice of the model parameters, but
we checked that these results are representative in that both
the median values in each metallicity bin and the percentiles
do not change significantly among the different realizations.
In Fig. 8, we show our results for Model A and a diffu-
sion coefficient D = 0.05 kpc2 Gyr−1. We plot the median
values of the model predictions (blue solid line) and data
(black solid line), as well as the 5, 25, 75 and 95 percentiles
of the [Eu/Fe] values in each bin of [Fe/H]. We stress that
these median values do not necessarily coincide with those
shown in the previous section within the instantaneous mix-
ing model. In the instantaneous mixing case, the average
was performed over the whole ISM in the galaxy. In the
turbulent mixing scheme, we first calculate the Eu and Fe
abundances of our “observer” points, and then average over
those. This different averaging scheme, which is closer to the
observational procedure, also affects the highest metallicities
reached in our model. Indeed, in this case we obtain [Fe/H]
values as high as ' 0 at z = 0, typical for disk stars. Note
that we show only bins with more than 10 “observers”, which
causes a cut at low metallicities, where the galaxies have low
stellar masses. We see that not only the median value of the
model reproduces that of the data, but the entire distri-
bution, quantified here by the percentiles, is in reasonably
good agreement, especially for high values of [Eu/Fe]. We
therefore find that our BNS merger model reproduces the
high Eu abundances at low metallicities. However, we note
that the model does not faithfully reproduce low [Eu/Fe]
abundances at low metallicity, and also slightly overpredicts
Figure 8. Eu abundance in the turbulent mixing model with the
P (t) ∝ 1/t time delay distribution (Model A) with a minimal
time delay of tmin = 10 Myr (see Fig. 4) and diffusion coefficient
D = 0.05 kpc2 Gyr−1. The median value of [Eu/Fe] vs. [Fe/H]
in the model is shown by the thick blue line and for observations
by the thick black line (grey crosses show all observations). The
25% and 75% percentiles are shown by dashed lines in blue and
black for the model predictions and data, respectively. The 5%
and 95% percentiles are shown by dash-dot lines.
the number of observations with high [Eu/Fe] at moder-
ate metallicities. Note that Beniamini & Hotokezaka (2020)
who introduced this turbulent diffusion scheme, used it in
the context of a simplified galaxy model and focused on high
metallicities, where they obtained a much higher dispersion
than observed. Here we show that this model, when coupled
to a detailed galaxy evolution calculation, reproduces the
mean and the dispersion of the observed abundances in the
entire metallicity range probed by observations.
Interestingly, our model features a slight decline in
[Eu/Fe] at high metallicity, as observed in disk stars. Note
that Coˆte´ et al. (2019) argued that BNS mergers cannot
reproduce this observational result and could therefore not
be the only source of r-process elements. On the other hand,
Banerjee, Wu & Yuan (2020) recently showed that this prob-
lem can be alleviated by including the effect of natal kicks of
the NSs. In our model, this decline occurs because the SFR
slightly decreases towards z = 0 (see Eq. 13) to mimic the
MW (Snaith et al. 2015; Lian et al. 2020), so that very few
new mergers occur at later times and Eu abundance stalls.
On the other hand, SNIa rate increases towards z = 0 in our
model, from 0.16 SNIa per century at z = 1 to 0.38 SNIa
per century at z = 0. As a result, iron abundance increases,
causing a decline in [Eu/Fe].
Next we explore the effect of the diffusion coefficient
D. In Fig. 9, we show the predictions for our Model A
with tmin = 10 Myr and varying D in the range 0.01 −
0.1 kpc2 Gyr−1. As expected, the dispersion grows with
increasing D, while the median abundance remains un-
changed. Indeed, in can be seen from Eq. 32 that larger
diffusion coefficient means that the size of the region around
the BNS merger that is polluted by the r-process-rich ejecta
is larger (even though the density of r-process elements in
the ISM decreases as the diffusion proceeds). Therefore, the
chance that a random “observer” point probes a region in
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Figure 9. Same as Fig. 8 with tmin = 10 Myr and varying diffu-
sion coefficients. Shaded areas show the 5% and 95% percentiles
of each case. Diffusion coefficients (in units of kpc2Gyr−1) are in-
dicated in the legend. It can be seen that increasing the diffusion
coefficient leads to a larger dispersion.
the ISM that is enriched by r-process elements is larger if D
increases, hence there are more “observers” with high values
of [Eu/Fe]. However, when the diffusion coefficient becomes
very large (formally in the limit D → ∞ and specifically
for D & 10 kpc2 Gyr−1 for our choice of parameters) the
dispersion decreases, because the r-process-rich material is
quickly distributed over the entire ISM.
Finally, we study the effect of the BNS merger time de-
lay distribution. In Fig. 10 we compare the results for Models
A and B, adopting tmin = 10 Myr and D = 0.05 kpc
2 Gyr−1
in both cases. We find that the dispersion does not change
significantly, strengthening our conclusion that the scatter
stems primarily from the diffusion process and therefore es-
sentially depends on the diffusion coefficient D. On the other
hand, the median value of the relative [Eu/Fe] abundance is
lower for Model B, as already discussed above (see Figs. 4-
5). With a minimal delay time tmin = 10 Myr, Model B
is characterized by a mean delay time 〈tdelay〉 = 3.3 Gyr,
significantly larger than the one characterizing Model A of
1.9 Gyr. We conclude that, keeping all the other model pa-
rameters fixed, the time delay distribution mainly affects the
mean abundances and the threshold metallicity at which the
r-enrichment takes place, while the diffusion coefficient D af-
fects the scatter.
In Fig. 11, we compare Models A, B and C where the
respective tmin parameter is adjusted so as to give the same
value of the mean 〈tdelay〉 (see Fig. 6). We observe that there
is very little difference between these models except for the
lowest metallicity bins, similarly to the instantaneous mix-
ing case shown in Fig. 6. Similarly, in Fig. 12 we compare
Models A, B and C where the respective tmin parameter is
adjusted so as to give the same fraction of rapid mergers
(Fdelay(< 100Myr) = 0.11; see Fig. 7). We find that models
A, C produce very similar results, but the Eu abundances in
Model B are lower because of the larger (on average) merger
times.
Figure 10. Same as Fig. 8, comparing Model A (blue) and Model
B (orange). Shaded areas show the 5% and 95% percentiles of
each model. For both models, the diffusion coefficient is D = 0.05
kpc2 Gyr−1 and the minimal delay time is tmin = 10 Myr. Model
A is characterized by a mean delay time 〈tdelay〉 = 1.9 Gyr and
Model B by 3.3 Gyr.
Figure 11. Same as Fig. 8, comparing predictions based on
Model A (blue), B (orange) and C (green) where the respective
values for tmin are chosen so as to give the same mean delay
time 〈tdelay〉 = 2.37 Gyr (see Fig. 6). Shaded areas show the 5%
and 95% percentiles of each model. For all models, the diffusion
coefficient is D = 0.05 kpc2 Gyr−1.
5 DISCUSSION
The results presented above suggest that BNS mergers can
be the dominant r-process producing site, and in particular
our model can reproduce both the mean value and the scat-
ter in [Eu/Fe] observed in metal-poor as well as disk stars
in the MW. The two key model parameters governing this
evolution, namely the time delay distribution of BNS merg-
ers and the diffusion coefficient, can be inferred from the
mean value and scatter of the observed abundances, if other
model parameters are known. These conclusions are in con-
trast with some of the previous studies, according to which
BNS mergers are not able to produce r-process elements in
sufficient amounts at early times (Argast et al. 2004; Shen
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Figure 12. Same as Fig. 8, comparing predictions based on
Model A (blue), B (orange) and C (green) where the respective
values for tmin are chosen so as to give the same fraction of rapid
mergers Fdelay(< 100Myr) = 0.11. Shaded areas show the 5%
and 95% percentiles of each model. For all models, the diffusion
coefficient is D = 0.05 kpc2 Gyr−1.
et al. 2015; van de Voort et al. 2015; Naiman et al. 2018;
Coˆte´ et al. 2018; van de Voort et al. 2020), but in quali-
tative agreement with Komiya & Shigeyama (2016); Hirai
et al. (2017).
What could be the source of this discrepancy between
different models? As a representative case, we compare our
model with van de Voort et al. (2020). In this study, the
authors use an hydrodynamical model of a MW-like galaxy
and a phenomenological model for BNS mergers. To calcu-
late the BNS merger rate they define a constant BNS merger
efficiency per unit of stellar mass formed of 3×10−6M−1 . In
our model the equivalent quantity Rmerger/Ψ is not constant
(see Eqs. 13 and 23), but varies with redshift and among
sub-halos, ranging from 10−7M−1 to 10
−4M−1 . We also ob-
serve that in our model this quantity increases with metal-
licity, but at a given metallicity the scatter reaches about
two orders of magnitudes. van de Voort et al. (2020) de-
fine a time delay distribution for the BNS mergers with
P (tdelay) ∝ t−1delay, as in our Model A, with tmin = 30
Myr. The merger rate at z = 0 for their fiducial model is
1.7 102 Myr−1 at the high end of the value inferred from
Galactic double NSs, whereas we obtain 10 Myr−1, slightly
lower than the low end observational value. We also note
that we use mEu = 2 10
−4
 for the mass of Eu produced
in each BNS merger, while van de Voort et al. (2020) use
mEu = 4.7 10
−5
 (but note that the real free parameter in
our model is the product αBNS mEu). Another key difference
between our models is the SFR, which in our model is al-
ways slightly below the one in the MW, while van de Voort
et al. (2020) use values a factor of a few above the measured
values in the MW.
To conclude, we listed above the main potential sources
of differences, but a comprehensive comparison between the
different models present in the literature is beyond the
scope of the present study. We suggest that the differences
are manifested in the merger rate of BNS in small, low-
metallicity galaxies, and that r-process abundances can in-
deed be used as an indirect probe of these environments, but
we leave a more complete analysis to future work.
6 CONCLUSIONS
The question of the origin of r-process elements, while wit-
nessing major advances in the past few years, still remains
open. On the one hand, the spectacular multi-messenger ob-
servations of merging BNS (Abbott et al. 2017a,b; Coulter
et al. 2017; Abbott et al. 2017b; Chornock et al. 2017) has
confirmed the existence of kilonovae and the associated pro-
duction of r-process elements in BNS mergers. On the other
hand, chemical evolution models struggle to reproduce the r-
process abundance observed in MW stars, both ultra-metal-
poor stars as well as young disk stars.
In this paper, we studied the abundance of r-process
elements with a semi-analytic galactic chemical evolution
model, focusing on BNS mergers. We explored several as-
sumptions regarding the time delay distribution of BNS
mergers, and implemented a turbulent mixing scheme to
study the dispersion of r-process elements in the ISM. Our
main conclusions can be summarized as follows:
• BNS mergers can be a dominant r-process producing
site, and in particular both the merger rates and time de-
lays predicted by population synthesis models are compati-
ble with the Eu abundances observed in MW stars
• The assembly history of a MW-like galaxy from small
building blocks has only a weak impact on the scatter in
the Eu abundances, which remains too small compared to
observations
• The dispersion observed in the [Eu/Fe]-[Fe/H] plane
can be explained by turbulent mixing of the freshly syn-
thesized elements in the ISM
• The decreasing trend of [Eu/Fe] in disk stars may be
due to the interplay between a decreasing SFR, hence de-
creasing BNS merger rate towards z = 0, and an increasing
rate of SNIa that produce large amounts of iron
We investigated several functional forms of the BNS
merger time delay distribution, and found that the shape of
the distribution at the lower end plays a critical role in the
resulting r-process abundances in low-mass low-metallicity
halos. This result underlines the importance of studying fast-
merging BNS scenarios with population synthesis models.
More multi-messenger BNS detections may provide new con-
straints in the future on such a fast-merging population as
the afterglow should be easier to detect with the denser close
environment expected in this case (Duque et al. 2020).
We also wish to stress several caveats to our model,
that may have an important effect on the final results. First
of all, we do not take into account the birth kicks of the
neutron stars. Indeed, newly-born neutron stars can acquire
velocities of up to hundreds of km/sec. As a result, not only
the binary may be potentially disrupted, which is already
taken into account in the low value of αBNS, but even if it
survives it may find itself far away from its birth site. The r-
process elements produced during the merger will therefore
be released in a metallicity environment very different from
the one the binary itself was born in (Banerjee, Wu & Yuan
2020). However, we expect that this effect will not have a
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strong influence on the fast-merging BNS that enrich the
low-metallicity envitonments (Andrews & Zezas 2019).
The second important caveat concerns the mass re-
leased in r-process elements in each BNS merger event. In
this work we assumed that the NS masses were constant,
and each BNS merger produced the same mass in Eu. How-
ever, the ejecta mass may depend on the masses of the bi-
nary components (Shibata & Hotokezaka 2019). We also ne-
glected the contribution of BH-NS mergers (see the discus-
sion in Vangioni et al. 2016) whose rates are expected to be
significantly smaller than those of BNS (Abbott et al. 2019).
The interactions of a central massive black hole with
the surrounding gas can cause galactic outflows and affect
the abundances in the ISM. This effect can be important, es-
pecially in view of the growing evidence that feedback from
central black holes can play a role in dwarf galaxies (Koud-
mani, Henden & Sijacki 2020).
Finally, we emphasize that we did not attempt to pro-
duce an accurate model of the MW, in particular its star
formation history. It is for this reason that we do not ex-
plore further the high-metallicity abundances in our model.
In view of these caveats we conclude that the role of
BNS mergers as sources of r-process elements may be more
prominent than according to other works, but is still not
entirely clear. In future work we plan to include other pos-
sible sources, such as collapsars. Moreover, further progress
in the modeling of fast-merging BNS is needed in order to
fully understand r-process abundances in low-metallicity en-
vironments.
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